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Letter to the Editor

BETTER THE DEVIL YOU KNOW? A PRECAUTIONARY APPROACH TO USING AMPHIPODS AND DAPHNIDS IN ENDOCRINE DISRUPTOR STUDIES
To the Editor:
During the late 1990s, a number of researchers noted a gap in our knowledge relating to endocrine disruption (ED) in invertebrates [1] . Prior to this, the ability of anthropogenic chemicals to disrupt the endocrine system primarily had been reported in vertebrate groups [2] . The endocrine systems of Crustacea are relatively well understood compared to other invertebrate groups, and Crustacea have played an important role in existing standard toxicity testing. As a result, ED studies in crustaceans have progressed more rapidly than those of other invertebrate groups (for recent reviews see Zou [3] and Zou and Fingerman [4] ). Two particular groups of Crustacea, the Amphipoda and the Cladocera, are thought to be ideal sentinels of environmental quality and are used widely in monitoring and toxicological studies. Both amphipod and cladoceran (e.g., Daphnia sp.) models previously have been used extensively in lethal and sublethal toxicity tests and, thus, are proven culturable and amenable to laboratory studies [5] [6] [7] [8] [9] [10] [11] .
One particular aspect of endocrine-disrupting chemicals is that effects are not always manifested immediately within the exposed group, but may become apparent several generations after exposure [2] . Consequently, certain standard toxicity tests must be conducted over multiple generations.
Both amphipods and daphniids are very suitable for multigenerational experiments due to their relatively rapid generation times. One potential complication for endocrine-disruptor studies is that many have parasites with the ability to disrupt the host's endocrine system or, at the very least, affect endpoints to be considered under a tier of endocrine control. In particular, several Microsporidia parasites have the ability to feminize male amphipods into fertile females [12] , passing the parasite vertically along the female lineage. Recently, this has been shown to be mediated through effects to crustacean androgenic gland hormone [13] . Past studies also have suggested that intersexuality (an often prominent biomarker of ED in vertebrates) in Amphipoda is the result of incomplete feminization by sex-changing microsporidian parasites [14] .
Daphniids harboring microsporidia can display altered behavior, growth rates, fecundity, fertility, and mortality [15] [16] [17] [18] [19] .
Microsporidia are found throughout the animal kingdom [12] . They are primitive eukaryotic intracellular parasites that can have direct and indirect life cycles and horizontal, vertical, or both forms of transmission [12] . Within Crustacea, microsporidian infections have been reported in copepods [20] , amphipods [21] , many prawn genera (including Penaeus, Pandalus and Crangon [22] ), and possibly some decapod crabs [23] . Individual species in groups such as amphipods and daphniids are known to harbor a variety of different microsporidian parasites [19, 21] .
Parasite transmission efficiency and feminization efficiency can be affected by both temperature and salinity [24, 25] . Kelly et al. [25] demonstrated that transmission efficiency of the feminizing microsporidian Nosema granulosis to the amphipod Gammarus duebeni was reduced significantly at 5ЊC in an F 2 generation when compared to experiments at 10ЊC. At 10ЊC, population models calculated 85% of males were feminized as opposed to a calculated 49% at 5ЊC, thus indicating reduced feminizing efficiency at lower temperatures. Dunn and Hatcher [24] found that exposure of G. duebeni to elevated salinity caused an increase in parasite burden in follicle cells but a decrease in parasite burden in the oocytes, suggesting that higher salinities may impede the transmission of the parasite from follicle cells to the oocytes.
Microsporidians have been demonstrated to be sensitive to some environmental variables, both in terms of transmission and feminization efficiency; thus, the possibility of environmental contaminants affecting the transmission and feminization efficiency through adverse/antagonistic effects to parasite function cannot be ruled out.
Increasing evidence of widespread intersexuality throughout the Amphipoda [26] is considered to be the result of incomplete feminization by microsporidian parasites [14, 27] . Additional mechanisms for intersexuality, including a consequence of environmental sex determination (e.g., photoperiod [28] and pollution [29, 30] ) also have been suggested. Considering the widespread occurrence of intersex in amphipods, in particular, it appears that novel feminizing microsporidians still await discovery, potentially in species used for toxicological studies. Taking into account the widespread coevolution of parasites with their crustacean (and other invertebrate) hosts, precaution should be taken when interpreting possible endocrine-disruptor effects observed in the field and laboratory, especially when parasites have the ability to mediate endocrine pathways.
A number of ED studies have used amphipods and daphniids as sentinel organisms (e.g., [10, [31] [32] [33] ). Watts et al. [32] found increased population sizes of the amphipod Gammarus pulex exposed to ethinylestradiol (EE 2 ), suggesting an increased female sex ratio as one possible cause. Gammarus pulex has been known to harbor several microsporidian parasites [21] . If specimens of G. pulex investigated by Watts et al. [32] came from a population infected with feminizing parasites, EE 2 exposure may have had an inhibitory or promoting effect on parasite function, thereby causing potential additive, antagonistic, or synergistic effects of the exposure compound. Similarly, Vandenbergh et al. [33] , in a multigeneration experiment, exposed the freshwater amphipod Hyalella azteca to EE 2 ranging from 0.1 to 10 g/L. In EE 2 -treated tanks, second generation males developed significantly smaller gnathopods and female-biased sex ratios were observed, although this second result was not statistically significant. Histological examination of first-generation males revealed several aberrations of the reproductive tract, including intersex gonads, disturbed maturation of germ cells, and disturbed sper-matogenesis. Intersex amphipods (known to be infected by microsporidian parasites), which often occur in female-biased populations, possess reduced gnathopods [30] and intersexed and disrupted gonadal tissues [28] . Therefore, the results obtained by Vandenbergh et al. [33] may have occurred through the proliferation of microsporidian parasite transmission or, possibly, due to immunosupression by contaminants, causing a greater intensity of infection. It is important to note, however, that no reported incidences of microsporidian infections are known within this species (H. azteca), although this may be the result of the paucity of research in this area.
Similarly, a number of field studies have indicated high incidences of intersexuality in Crustacea associated with anthropogenic disturbance. These include intersexuality in copepods within the Firth of Forth (Scotland) associated with sewage discharges [34] , intersex in freshwater crabs associated with elevated arsenic contamination in Japanese rivers [35] , and intersex in estuarine amphipods [30] . Results from these papers can be taken as evidence that ED is occurring within the taxa. Caution should be applied when interpreting such results, however, because the knowledge regarding the occurrence and ecology of Microsporidia within many groups of Crustacea currently is limited.
Considering the potential problems highlighted within this report (i.e., the appropriateness of using crustaceans such as amphipods and daphniids as test species in endocrine-disruptor studies) we continue to support their use. The advantages in using certain groups of Crustacea, for example, their fast generation times, ease of culture, relatively well-known biology and endocrine systems, and their importance in community structure and dynamics, far outweigh the potential problems highlighted here. We suggest it is better to control for confounding factors such as parasites than to adopt new sentinels, which may or may not at a later date also be found to have endocrine-mediating parasites. Standard toxicity tests currently are being developed specifically for ED endpoints in a number of crustacean taxa (e.g., mysids; [36] ), many of which are not known to possess endocrine-disrupting parasites simply because the work has not been carried out. We propose that researchers in the field of toxicology be more aware of the potential confounding effects parasites such as Microsporidia may have on crustacean studies and adopt measures to identify such effects. This may require the development of parasitefree strains for laboratory tests and the use of molecular analysis (e.g., polymerase chain reaction) of adult and offspring in field studies and in multigenerational strategy to test for the presence of microsporidian DNA, so that confounding factors, if any, can be identified. Alex T. Ford Teresa F. Fernandes School of Life Sciences Napier University Edinburgh EH10 5DT, United Kingdom
